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(57) Abstract 

A method is disclosed for making holographic images by recording an array of pixels (202) which together form a two or 
three dimensional composite image. Each pixel corresponds to a sampling of just those rays which would pass through a given 
point (205) on the surface of an ordinary hologram. Every common type of hologram can be made by this method, including 2D/ 
3D holograms, stereograms, and full color holograms. Each pixel is a white light viewable hologram generated by recording a 
small hologram near the narrowest part of a converging bundle of rays of coherent light (520), usually with each ray correspond- 
ing to one point on the object, and the rays in a pixel being confined to a horizontal plane intersecting the surface of the object. 
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5 Tecnnic^T, Ti^l^ 

This invenrion relates to holograpiiy and, more 
particularly, to a metiiad for coxaposing holograms do-c by 
dor. 

10 

Pese-iTjrion of the ?rior Art 

Holograms have been made since -the late 1940s, 
in which an object: is illiiminated with coherent light to 
form an object beam, and. the object beam interferes with a 

15 mxrcually coherent reference beam on a suitable recording 
medium. Smmett Laith (U.S. Patant No. 3,338,903} 

described a method for forming a hologram as a sequence of 
naLznrow holograms of an object, each exposed from a 
slightly different position. A method has aiso been 

20 described by D. DdLSitetto for enlarging a holographic 

image by repeating smaUL elements of a firs-c hologram over 
larger areas to form an expanded version of the firs-c 
hologram (see "Holographic Panoramic Stereograms 
Synthesized from White Light Recordings," Applied QpttIcs 

25 Sl(S) : August, 1969) . These two methods required 

illumination of the object with coherent light and, 
recording the. interference between the object beam and a 
reference beam. 

Lloyd Cross and Steve McGrew have described 

30 various methods for recording holographic stereograms by 
forming contiguotis elemental holograms of individual 
frames of a movie film onto a recording medium, see U.S. 
Patent Ho. 3,206,96S. The Cross-type hologram is 

sometimes referred to as a Multiplex hologram, an Integral. 

35 hologram, or a Composite hologram. In the fallowing 
discussion, the term Composite hologram includes any ]cind 
of hologram wherein an image is composed of separately 
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rscarde<d regions, cr pixels- Tiie meticcis of Crass and 
jlcGr-ew involve using lenses ta camnress tie isiage in eaci 
frame imia a thin vertical strip, and tie frames are tius 
recorded as adjacent:, parallel vertical strips of 
S elemen-tal halagrams. Anotiier metliod tiat has been used 
extensively requires farziing elemental holograms by 
proiecring each frame ■ onto a dii:;user and then recording 
tue sca-ctar^d lighr isaediaraly downstream from a long, 
^>^4;-n vesical anertsra- Bo-ch aerhods require a morion 
10 picrsra 'flila bearing ifflagas of the abjecr. The method 
ttsing • a diifaser- requires a second s-can involving coherent 
racanstmction to foxa an image plane hologram of the 
image. 

jlcSrsw (TT-S. Satant So- 3,206,363') described the 
IS use. of an image converrar- to perait real-time isgxsc to his 
hologram recording system by video or diracr optical 
aeans.^ 

of the above systaas raqaises input: of a 
saqaeaca or caaplata iaagas of tha ofalact ta a lans and 
20 exposora racsrds tha coaplata two-diaensionai iaage 

ia tha f ila- 

Csalfiald and camac ia U.S. Patanc STo. 4,438,740 
("Caolfiald") have daseribad a systsm for recording two- 
daaensionai holograas, wheraia each poinrc from the laage 
2S" is rscardad as a separata hoiograai. Thair system is da— 
scribed harain in sora detail vith rasnact ta Figara 1. 

Laith at al- " ("O'.S Patanc ^o. 3,394,7STl de- 
scribed a aathod far aradacing artificial - holograas by 
a fringe pataass far each abject point than 

30 «WHi 



is an ob-ject of this iaventicn to aravida a 
methcd far caaaosiag holograas poist-by-aoiat, whara each. 
ZS aoiat raprasants tha btaadla of iaaga rays passing Shratgit 
a noiat on the holcgraa surface. 
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It is another object of this invention to 
provide a system capable of composing white lighr 
viewable, full color holograms. 

It is another object of this invention to 
5 provide a system for completely compurer-controlled 
production of master holograms. 

It is another object of this invention to aaJce 
holographic stereograms with electronically generated 
and/ or recorded imagery - 

^° ^ another object of this invention to maJce 

_ relatively large holograms point-by-point so that the 
exposure time for each point is very short. 

It is another object of this invention to create 
a hologram from a series of two-dimensional images 
15 recorded on video tape. 

Other objects of the invention are to provide a 
hologram recording system having the following attributes s 
small, and compact; p«raits- use of. a laser with low 
coherence; capable of recording holograms of arbitrary 
20 siae; capable of easily adapting to varying display and 
recording geometries; capable of accepting a video signal 
input; capable of extensive digital image modification? 
capable o£ high throughput; allows incoherent object 
illumination; allows simple changes in object- to- image 
25 size ratio; and allows control of image position relative 
to the recording medium - 

These and other objects of the invention, as 
will be apparent herein, are accomplished by sequentially 
recording point holograms, or- pixels, of ray bundles 
30 corresponding to projections of the object rays lying in a 
horiscntal plane through a point spaced from the obiect, 
The rays in each ray bundle are recorded simultaneously in 
a single pixel, and the ray bundles are recorded 
aequentially. The ray bundles recorded at a given lateral 
35 position on the recording medium correspond to the 
appearance the image would have ii viewed from that 
position on the recording medium. 
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^■j-xet pescTip-gion Qt the D rawings 

Figure 1 is an isomerric view of tie prior art: 

metJiod. of Caulxiaid- 

Figxire 2 is an illustration of the relationsiiip 
5 Between points on an abject, paints on a rainbow holotgram 
or a composite hologram, and image rays connecting botli 

sets at points. 

Figure 3 is an" illustration at a method for 
recording a sequence of images of a subject for conversion 
10 into a composite hologram. 

Figure 4 is a front view of a single video frame 

of the object- 
Figure S is a diagram illustrating an apparatus 

and process -for forming a pixel in a composite hologram. 
2^ ' Figure 6 illustrates a composite hologram formed, 

by the method a£ the ijivention in which the image 
intersects the recording plane- 
Figure 7 is- a diagram of a modification o£ tha 
apparatus of Figure 5, for recording- holograms onto a. 
20 cylindrical recording medium. 

Figure 8 is a diagram, of an apparatus far 
recording achromatic and full-color composite holograms. 

Figure 9 is a diagram of an apparatus for 
recording full-parallax composite hoiograms. 
25 Figures XOa and 10b are diagrams of the first 

and second stages, respectively, in a method for forming? 
an image-planed copy hologram from a virtuai-ima,ge 

G om Dosite hoXogram. 

Figure 11 is a blocic diagram of an apparatus for 
30 forming a hologram composed of pixels using information 
derived from a video recording. 

»r 

35 Figure 1 illustrates the method of forming a 

hologram using tha prior art system of Caulfieid, see U.S. 
Patent No. 4,498,740. Coherent light beam 104 traces a 
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pafiem 102 to diffuser 120. Scarrered light from a opinr 
110 on t±Le diffuser 120 iapinges on region 106 on 
holograpiiic recording plate 13 0- Coherent beam 114 
■ interferes on piata 13 0 with the scattered light 105 from 
5 point 110 to form an elemental hologram in region 106 on 
plate 13 0. As the beam 104 moves across the diffuser 120 
to sxirike adjacent points 110, additional elemental 
holograms which overlap each other are recorded on plata 
13 0 to create a composite hologram from the overlapping 

10 patterns. The light 104 diverges from the image point 110 
to fora a conical image ray bundle 105. The conical image 
ray bundle 105 is smallest at point 110 on the di££user 
120 and expands until it impinges on the holographic 
recording plate 130. The light beam 104 is then stepped 

IS to an adjacemr image point. 110 in image 102. and am 
adjacent conicaX bundle 105 is recorded on holographic 
recording plare 130 in a region corresponding to the 
ad^jacent image point 110 « Accorting to the principles o£ 
Gaulfield's system, a hologram* is composed image-point-*by— 

20 image— point, and each recorded hologram pattern 106 is. 
from an image ray bundle 105 that diverges from the image 
point 110 . 

The system of Caulfield only worics well when 
every image point 110 is located on or very near the 

25 re cayrd ijag plane 115, because otherwise the elemurtal 
holograms 106 will overlap excessively, resulting in 
exposures which exceed the dynamic range of the recording 
medimn 130. Caulfield ^s optical system forms a real 
image, one image pointr 110 at a time, and is una hie to 

30 form holograms which accurately portray the di2rectional 
aspects erf light emanated by each image point (i«e., 
metallic sheen, direction o£ illumination, specular 
reflection. or a burnished appearance) . Furthermore , 
Caulfield ^s ^stem forms holograms which are white liglit: 

35 viewsLble only by virtue of their negligible depth be c a us e 
both vertical and horizontal parallax are recorded for 
each point: on the ob:}ecr« 
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As illustrrated in Figiires 2 and 4, a hologram 
consrructiad according t:o the principles of the presenr 
invention is recorded ho logram-poinx: -by— hologram-point: on 
th.e recording plate 210. AccorddLng to the principles of 
5 tiiis invention, the elemental hologram, or pixel, has the 
property that/ when illuminated at tie proper angle, it 
will reconstiruct only those rays fr^m the image which 
converge to and/ or diverge from the location of the pixel • 
An objecr 200, as illustrated in Figxire 2, 

10 scatrters ligiit in all directions from every poin-t. Tlie 
_ representation of this object 200 is recorded on film 210 
as a plurality of holographic poimss, or pixels 202 
(greatly enlarged) • A given pixel 202 at point 205 on a 
• rainbow hologram 210 records, and recons-cructs , only a 

IS certain sufase-c of: th.ose rays which would be visible to an 
eye- placed at tha-c point: 205 if viewing tha object 
directrly, TJie pixel 202 at pointr 2 OS represents 

converging^ rays lying within a horizontial plane. 220 
intersecting- an object 200 (or an image of. this ob-ject) 

20 and. -the holographic recording medium 210- A bundle or 
rays 21S converges through the pointr 205 from the. abject 
pointrs on strip 230 of the abject, lying in the plsuae 220. 
rt is tiis bundle of rays 215 which is recorded in tbe 
pixel at point 205. 

25 Rainbow holograms, 20/30 holograms , achromatic 

holograms r full color holograms, and mostr holographic 
stereograms are characterized by the property that each 
horizontal strip 225 in the hologram 210 contains 
iii£amat:ion only about a corresponding horizontal strip 

30 230 an tbe surSaca of the image or object 200, as sbown in 
Figure 2- Tlie task of synth^izing a hologram-point-by— 
point, with every one 'o£ said points p*isitioned at the 
proper location on the surface of the r^;^:ording medium is 
accomDlisied by the present inventior A device built 

35 according to the present invention has the capability of 
determining and recording separately every one of these 
converging bundles of rays as a pixel. Each* elemental 
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hologram is recorded as a pixel 202, wherein all of tiiie 
rays -to be recorded ar a given poinr 205 on the, recording 
mediimi are recorded siaultaneously in a single exposure. 
Therefore it: is necessary to dereraiine the correoti ray 
5 bitndle to record at: each pixel 202 prior to exposure • The 
present invention includes a system for and a method ox 
detexiaining and recording those bxindlesr of rays. 

The term pixel is used herein to refer to a 
distuLncr elemental hologram recorded in the vicinity of a 
10 point; on the hologram 227. A pixel includes an entire 
bundle of image rays recorded as a hologram in a small 
region at: a poinr on a recording medium. 

The term pdLxel is used herein by analogy to the 
term pixeX as used in computer gzraphics. In the presence 
15 cont»xC|. a. pixel is not: a point: on tihe image cozrespondlng 
to a point: on the surface o£ an objecr (unless 
caincidentally the surface of. the image of. the object: 
happens to inrarsectr the stirfaca of: the recording ^^-^^^ 
at: that: point) . Instead, it is an elemental hologram, a 
20 plurality of which make up a single composite hologram* A 
pixeJL recorded according to this inventrion may ignore the 
visually irrelevance phase information of the ligh-c in each 
ray and records only the direction and intensity of each 
ray, although it. is also wxtixln the scope of the presen-c 
25 invenrion to control the phase of each ray as veil* A 
pixel of a prior art: hologram or rainbow hologram records 
the direction r intensity and the phase of each image ray, 
whereas the present: invention permits the phase to be 
precisely controlled and recorded or ignored, aus desired. 
30 Incidentally , when the phase of corresponding rays in all 
o£ the pixels in a composite hologram constructed 
according to the inventit^n is selected to be highly 
ordered, the specicle in the image is no longer random stnd 
can be made to disappear for all pr^cricai purposes. 
35 Within the context of this application, it is to 

be recognized that a replica of an original hologram made 
according to this invention is equivalent to the original 
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hologram. The tar=i "real focus" or " focus" refers to an 
approximate point of convergence of a light bean rather 
thLi to the focus of an image. The location of the real 
focus of the object beam is only identical to the location 
5 o£ an image point if the image co incidentally intersects 
the recording plane at. that point. The term object means 
not only a physical object but a representation of a 
physical or imaginary object. Thus, a computer-generated 
image of a nonexistent object is still an image of an 
10 object; and the abject may be said to have a size, a 
position, a surface, and other visually detectable 
attributes of a physical object. A planar bundle of rays 
is a bundle of rays confined to a plane or a bent plane, 
spatially modulated object beams include those beams which 
IS are uniformly modulated to be of substantially constant 
intensity across aa aperture. 

Figures 3-5 illustrate the steps in generating a 
composite, hologram 227 according to the principles of this 
iirrention. The- object 200 of which an image is to snade 
20 inta the hologram is recorded on video tape using vxdeo 
camera 310. The video camera 310 moves from position 302 
to oosxtion 304 along line 306 as it records a video tape 
image of the object 200. X series of images of the object 
200, one image per frame, is recorded on the video tape. 
25- Each ±rame of the video is recorded from a sligHtiy 
di££erent point along the line 306 than any other poxnt, 
because the video camera is moving- Hence, each frame iS 
recorded at a slightly different angle and contains a 
slightly different image of the same object 200. Several 
30 hundred (or thousand) frames are recorded of a single 
abject 200 fo^ use in constructing a hologram of this 
abject iho. 52ie lateral position of the video camera at a 
given ooint^ 305 along the line 306 corresponds to a 
cartespondiiig pi^cei's lateral position 205 on the 
35 generated hologram 210, as explained in mors detaj-. 
hersin. In one embodiment, the camera 310 maintains the 
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same orienratiion as it: sioves lareraiiy along Line 3 06, wh.e 
lens pointing srraigiit: aliead. 

Figure 4 is one frame 602 having a two— 
dimensional video image 604 of the objecrc 200 used to 
5 compose the holagram 227. Each frame 602 on the video 
tape contains a single tyo-d 1 Tnensional video image 604 of 
the Ob jeer 200. Each frame 602 of the video image 604 was 
generated in the manner shown in Figure 3 and thus is a 
view of the same object from different positions along 

10 Line 306. Each firame 602 is divided into horizontal rows 
6X0, each row being a raster^ line composed of dots 203. A 
single pijcel 202 on the hologram 227 is to represent one 
and only one raster line 610 (labelled 610' for pixel 202 
at point 205) of dots 203 of a single frame from the video 

3^ image 602; and each dot 203 in the raster line wili 
correspond to one ray in tie ray bundle contained in the. 
pi.iceT 202. 

The information contained in any single pivpT 
20Z is determined by selecting one raster* Line 610 from 

20 the. &rame of the tvo-dlmenslonaX video image of th& objectr 
that was recorded from the same lateral, position relative 
to the object as the latenl. position of the piscel 
relative to the image in the final hologram 227. ThuSy 
the lareraJ. position of point 205 of hologram 227 is 

25 selected to correspond to the lateral, position of poinx: 
30? along line 306 while the image is being video 
recorded, aLS shown in Figure 3.. T2ie vertical, position of 
the. point 205 corresponds to the vertical* position of the 
raster line 610. Correctly recording each pucel i t self 

30 requires a system for forming the ray bundle corrsspondin? 
to the pixei's location so that the ray bundle may be 
recorded as a very small , polntLiJce hologram at the 
correct location « 

Figure S illustrates a system for* recording 

35- pi:cels onto a hologram from a video signal, A raster line 
from the video image is fed into a spatiai modulator 500- 
A suitable spatiai modulator is a liquid crystal .light 
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valve, acous"ca— optiic device, or any o^her higii resolu-cion 
iiaage canvezTtor capable of displaying a single scan line 
of a video image. The sparial aodulaHar 500 is 

illuminated with^ calierent laser ligiit 525 to form .an 
5 object beam 520^ Tiie object beam passes tlirougb a lens 
system 505 so tbat it converges to a small region 540, a 
real focus. Tlie rays fSrom tiie spatial filter array- are 
direcredL to a position on tiie holograpbic plate 210 so 
tbat ^a ch point in tiie spatial modulator 500 constzraccs 

10 one ray for every point in tiie subject image visible from 
tile location of tiie pixel. Eacii segment 530 on tiie 
spatial modulator 500 corresponds to one ray in "tlie ray 
bundle 520, so tiie complete, ray bundle impinging at 540 is 
generated by tiie spatial modulator 500 and tiie lens. Near 

IS wiiere tlie object: beam converges to its. smallest! diameter", 
poinx: 540, tiie object beam impinges upon a recording* 
medium 2X0* Simultaneously/ a reference beam 310 cq fa er enc 
witii tiie object: beam interferes witii tiie objects beam*, 
tiiereby recording- a bologram pixel 202 at point 20S of tiie. 

20 oiajectr beam on tiie recording medium 210 « & transport, 
meciianism 5S0 repositions tiie recording medium 2X0 
vertically and laterally between exposures to record eacii 
pixeJL 202 at a differen-c location on tiie recording medium 
210 • 

2S In one embodiment, as illustrated in Figure 5^ 

it is advantag'eous to provide means 590 for controllings 
tiie. configuration and. direction of tiie. reference beam for 
i:^s^<?>7 pixei so tbat tiie overall pattern of interference 
fringes emulaues tiie interference patram formed in a 

30 bologram ''made witii. a converging or diverging reference 
beam. '^liis permits tiie composite hologram to be made^ for* 
examplf ^ so tiiat a nearby ligiit bulb can illuminate tae 
hologr^ and an observer in a given position relative to 
tbe Iiologram may see tiie image in a single predeterminad, 

3S color. A similar effect may be ob-cained by predistorting' 
tbe composita image tiirougii appropriate selection of 
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ofajecr rays. As previously srated, tihe phase of ligiir 
recorded in eacii pixel can be conrrolled if desired. 

Tlie phase and in-tansity are conrro liable 
• independenmy of each oliher by the input signal into the 
5 spatial modulator 500, For example, the spatial modulator 
500 can be a liquid crystal modulator, an electro-optic 
modulator ox" an acousto— optic modulator" of a type Icnown in 
the prior airt, any of which can be configured to control 
the amplitude or phase of the transmitrad light, 

10 independently o£ each other. The phase of light beam 520 
a£ter passing through the spatial modulator is controlled 
ta have any desired phase relative to the phase of the 
input: light beam 525- The phase of the output light 520 
can be 'the same as that of light beam 525 or shifted in 

15 either dlrecrion. Horeover-, the phase of a light ray 520 
thesLt: has passed through segmentr 550 may be controlled to 
b& different: from, the phase a second light: ray 520 paussing* 
i^izraugh:. a. dlff erKic segmentr SSO at: the same time, from the 
same light: source for beam 525. Accordingly, the phase is 

20 controllable to be highly ordered to permit speckle to be 
removed from the image. 

To construct a composite hologram containing- a 
specific suh-ject. image, the. object itself or- a series of 
images thereof. is analyzed, using straightforward 

25* projective geometry, to determine the pattern of points to 
be recorded in a single pixel, each point being loaded, 
into each segment: 550. The composite hologram is then 
formed by recording the pixels in a. dense pattern on a 
holographic plate. The resoluirion of the resultant; iiaage 

30 in the composite hologram is a function of pixel density 
and. the nmnber* of distinct points, or: segments 550 in the 
spatrrail modulator- 500. The resultant: composite hologram 
contains a subject image 530 located atz a d,i*ycance 575 
from the recording- plane 210 as shown in Fig. 5. 

35 The vertical, and lateral repositioning by 

transport mechanism 580 to record seqaential pixels is- 
best illustrated in completed hologram of Figure a. A 
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recorded tiologram 210 is camposed of a plurality of 
pixels, generally laiaelled 202. The nexr pixel ar pain- 
.206, corresponding tio t:lie next: raster scan line, is 
recorded vertically below the. point 205 of the prior 
S pixel. All rasrer lines from a single frame are recorded 
as pixels 202 in a single vertical line 208 from top to 
batrtom of the recording mediim 210. A single vertical 
line 208 of pixels 202 thus corresponds to a full frame of 
the video ♦ After one frame is recorded in a line a£ 

10 pixels 208, the control mechanism S80 steps the recording 
TTififf i -ttyr 210 laterally, and the next video frame is recorded 
as an adjacent: vertical line 209 of pixels 202. Be c a us e 
the next frame was recorded on the video film after the 
camera 310 had moved a selected disxiance, each frame and 

IS thus each verliical. line, wili contain a slightly difieren-c 
view of the same objeoc than the prior vertical line. A 
verricai line ox pixels 20Z is recorded for- each frame of 
the ob-jectr to. form the finaJL hologram 210 shown in Figure 
(The pixels, as shown in- Figure 3 are greatly enlarged 
•20 distiincti dots as shown atr points 205 and 206 for 
iilusrration purposes only; the acrual p ixel s will, be.- 
relatively small and the vertical lines will be adjacemr 
as^ch orher and will overlap in some embodiments . ) The 
composite image 227 will be reconstructed in the same 

25 position relative to plate 210, as the position of the 
ohjec^ to the path of the camera in Figure 3, unless the 
video signaJL is transioraed to provide a diffeirent image, 
as described below. 

The order in which the pixels are recorded 

30 depends on the arrangemen-c of the information in the video 
signal, which in turn depends on the merhod by which the 
sub^ecrt image is decomposed into ray bundles • A naturai 
method o£ farming the video signai is simply to move a 
video camera at a constan^c velocity past a subject (e.g., 

35 a living person, a solid model, or natural scenery) while 
the video camera points toward the subjecr, perpendicular 
to the camera's path as shown in Figure 3. In that case. 
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pixels 202 composed direcrly fran t±ie rasrar lines 610 in 
tlie video frame 602 are recorded in vertical lines of 
pixels 202, eacii pixel corresponding to one rasrar line 
610 in tb.e video frame and each vertical line of pixels 
5 corresponding to one video frame 602, as described- The 
specific embodiment! of constirucring a hologram from an 
oiaject: described with respecr to Figures 3-6 is for a 
stationary object: recorded onro video film vith a 
laterally moving camera, and a different sequence may be 

10 used if the video image is generated dif f erentrly. In any 
case, the method of this invention is to keep trade of 
each ray of light entering the camera and to record in 
each pixel those rays which would pass through that pixel 
from the objectr if the object: were located in a particular^ 

15" position relative to the plate 210. 

Xt is convenient: to record information to be 
displayed on the spatiaX xoodulator 300 as a video signal 
on: magne-cic tape, then to load the image converter- with a 
sing'le video raster line for each exposure, ais jus^ 

20. described.. Depending on the optics and the mechanics of 
the system, it may be desirable to load the spatial 
modulator SOO with several rasrar" lines for each exposure. 

A preferred method of forming the video signal 
to be fed to the spatial modulator is to store and process 

ZS the video signal from the video camera to form a 
transformed video signal which results in a subject image 
vhicrt intersects the recording plane 210. as shown dLn 
Figure 6. This transformation can be performed by digital 
image processing systems in common use today, and is 

30 within the capacity of one sicilled in the art of computer* 
graphics and projective geometry. One aspect of the 
invention is that each pixel is a holographic recording of 
a ray bundle, and that the position of the image relative 
to the recording medium is determined by selecting the 

35 rays which are recorded in each pixel. 

Figure 11 is a bloc^ diagram of an apparatus for 
providing the signal for input to the spatial modulator 
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500. Tiie signal from tiie video camera 310 is inpuT: inno 
video recorder 13 00 for recording. When desired, tiie 
signal is ou-cput: to a random access memory 1302, whicii 
serves -^e image processor 1304 « .The image processor 1304 
5 records a -transformed video signal in ^e videorapa 
recorder/player 1306.- A sequence con-croller 1305 contirols 
a video Irape recorder/player 1036, a frame grabber 1308 
and tiiie spat:ial modula-cor 300 ro provide rasrer scan lines 
as described. Each of tihe individual componenrs of Figure 

10 11 are Joioxm in the prior art and components obtained on 
the open marJcet are suitable. 

In an alternative emfaodiment, a system 
incorporating the presenr invention accepts a video signaX 
directly from a video camera 310. Each ras-car line of the 

IS video signal is fed to the programmable spatial modulator 
500. With a high-repetition rata pulsed laser-, moderata. 
laser- power-, an acousto-op-cic device or o t h er high-speed 
spatiaJ. light:* modulator for- input: to the holographic 
recording system and a' suitable mechanicaX scanning 

20 system, pixel recording at video rates is possible- 

A video image is used as an e^cample only and the 
image could be any recorded image such as from a 
pho-cograph, a transparent movie film, a computer- generated 
plot or- figure, or- any other suitable recorded image, with 

25 suitable means provided to extract information to be fed 
to the spatial modulator. Other means for- generating the 
ob-jectr beam for^ recording a pixel include magneto-optic 
devices, photographic films, photothermopiastic media, and 
acousto— optic devices. 

30 When information from an incoherent photographic 

recording such as a video signal or- a movie film is used 
as the primary source of information to determine the ray 
bxandle in each pixel, any subject may be used for the 
image. For- example, natural scenery and living subjects 

35 may be recorded in an ordinary fashion as indicated in 
Figure 4 by a video camera, using natural or artificial 
lighting. The video signal may then be processed to form 
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a new video signal wherein each scan line corresponds to 
tilie desired points to be displayed on the image convertor. 
Similarly, a computer generated image may be processed to 
provide a video signal whose scan lines correspond to the 
ray bundles in the pixels. Alternatively, an abject may 
be iaaaged using sound waves, microwaves, x-rays, subatomic 
pajrticias, ox- auay other means. 

In exposing the individual pixels sequentially, 
a substantial amount of overlap of pixels is acceptable, 
with the maximum amount of acceptable overlap depending on 
the type of recording medium and the type of processing 
used, "in ordinary silver halide films and processing, an 
overlap of 20 or fewer pixels can produce satisfactory 
resuiti. For example, if the oprical system is imperfect, 
or if the narrowest part, of the ray bundle has very large 
aaaplitude variations, it is useful to defocas the opticai 
system slightiy so that the ofajac= beam waisr is a smali 
discance away from the recording plate. 

one advantage of the present invention is that: 
20 it peraits correction of disTsortions which may have 
occurred in the originaJL recording of the object 
i3a£or=arion, or which may occur in the optical system of 
the hologram pixeL recording apparatus. Thai: is, the ray 
bundle is determined separa-caly for each pixel, so 
2S corrections of image distortions can be accomplished in 
. the process of constructing the ray bundles. The angular 
deoendanee in the present invention is controlled by the 
ia£or=ation fad to the system. The present invention 
specifically controls the directional aspects of light 
30 emanated by each image point as well as each point on the 

hologram. 

The system of tj.3. Patent No. 3,206,96S requires 
a more complex optical system than the present invention. 
Because the system of U.S. Patent So. 3,206,965 exposes a 
vertical line instead of a point at each stap, the present 
method's exposure ener^ per stap can be hundreds of tisxes 
less than that of U.S. Patent No. 3,206,963. of course. 
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tii& total energy required to record a complete composite 
hologram is approximately the same in both methods, but 
less energy per srep translacas to shorter exposure times 
per step, which, can dramatically reduce the need for 
5 vibration isolation and other isolation measures normally 
ta ke n in holography . 

Another advantage of the present invencion is 
that it peraits a hologram which is intended ta be viewed 
flat to be recorded onro a cylindrical surface. This is 
10 illustrated in Figure 7. To generate an image 

cylindrically, the reference beam 802 is configured to 
converge toward the axis 303 of the cylinder S04 . and the 
waisTT 305 of the ray bundle siS is at or near the surface 
of the cylinder, if the final hologram (in its fla-c 
IS configuration) is to be reconstructed with colliaared 
illumination. A lens system sso may be used to further 
shape the image bundle prior- to being recorded. If the 
pixel is suffici^tly small and the image is not 
excessively deep, a calliaatad reference beam 802 may be 
used for- most recording* and reconstruction geometries. 

Another- advantage of the present inveixcion is 
that it permits recording of achromatic holograms. In 
Figure a, this is accomplished by vertically diffusing- the 
laser lignu upstream from uhe spatial modulator 900 by 
means or one-way diffuser 905 and using, cylindrical lenses 
930 and 910 to converge the light vertically directly onto 
ttie recording medium. Another optical system 915 is 
provided to converge the ob-ject beam in the horizontal 
and/or vertical axis. The pixel thus formed is vertically 
diffuse and therefore achromatic upon rscanstruccion in 
white light. 

Another advantage of the' present invention is 
that tt, peraits easy recording of 2D/3D hologrgms, in 
which the image is composed of a staclc of two-dimensional 
iaxages separated,, for example, by a fraction of. an inch in 
depth. A two-dimensional image caincident with the 
surface of the recording medium may be farmed by simply 
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canstirucrting an objecr beam in whicii all of tiiie rays are 
ajf equal intensity, and recording pixels only where the 
*• light" parts of the image are to appear* 

Another advantage of the present invention is 
5 that it peraits recording of full'-parallax holograms. To 
form a full-parallax hologram, each pixel is formed from a 
bundle of rays covering a substantial solid angle 1050 as 
shoxim in Figure 9. In this embodiment^ the ray bundle is 
formed from rays which converge, in effect, from the 
10 object points within the solid angle lOSO to a point 1020 
on the recording medium 103 0, A suitable spatial modulator 
500 for this purpose is a LCLV television screen. This 
kind or full-paurallax hologram will only be white light 
viewable if. some sort of color-* selective means is used 
15" such as a thick hologzraphic medium which forms a Bragg 
hologram r or- if the image is very shallow » 

?e'& another* advantage o£ the pxresen^ invctntion 
is thatr ib: may be used to produce full-color hologram 
masters. According to U.S. Patent iTo. 4,421,380, a full- 
ZD color- hologram can be made by recording color 
companent: ais* a separate array of dot achromatic holograms 
(pixels) interleaved with the dot: arrays of the other 
color components. One difficulty with certain embodiments 
o£ the full-color method as described in the '3S0 patent 
2S isr thac it may require recording each color component 
hologram in laser light: of tthe respective color in order 
to maintain exact register between the colors in the image 
when it is viewed from the side. In the present invention 
it: is not: only easy to form amd accurately position 
30 achromatic dot holograms (pixels) , but it is also easy to 
design the ray bundles in each pixel to correspond to the 
actual direcrions that the iaiage rays will be diffracted 
from the pixel when the hologram is reconstructed, and 
thereby tto precompensate for the anticipated off -axis 
35 misregi st r a tion between color components. 

As shown in Figures 10a and 10b, it is possible 
to form a first hologram 1100 as an array of pixels 1101, 
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tJien to recons-crucr tiie image lliO on recording mediuzi 
113 0 to maJce a second hologram 114 0 in whicii tie pixels 
llQl are ncc focused onro tiie second recording mediim 1130 
and tiie image 1110 intersects tiie hologram 1140. Ligiit 
5 beams 1120 illuminate the hologram 1100, are diffracted by 
the elemental holograms (pixels) 1101, and impinge on 
second recording medium 1130* A reference beam 1150 also 
impinges on 1130 to form hologram 1140- This hologram 
1140 is Icnown as an image— plane copy ox the firs"C hologiram 

10 1100- By this method it is possible to minimize the 
visibility of -the individual pixels themselves^ which 
might othervise detract: from the appearance of the image 
i£ they are too large. 

The coherence of the laser source used to record 

IS the- pixels does not: need to be large- Be c a us e each, 
exposure is made only in a very small region, all of tSie 
path lengths a£ the object beam can be essen-cially equai 
to- within a distance equal to the width o£ the pi xe l s 
Therefore a multimode laser- or- even a filtered mercury or- 

2Q sodium arc source can be used in this, system. 

Reflection type holograms may be .made in this 
system by using a reference beam incidemr from the 
opposite side o£ the recording medium to the objec:r beam. 
Embossing master holograms may be made by recording tixe 

2S pixels on a photoresist, coated plate, then maJcing a nicicel 
ele ctro form or- other durable copy of the resulti n g surface 
relief hologram. 

Applications of the invention include creation 
of holograms for artistic purposes, medical imaging", 

30 microscopy, pacicaging, printing, display, geophysical 
imaging, and so on* In general the holograms of the 
invention may be used in any 3-D imaging applica t ion or^ 
any application requiring diffractive colored patterns. 

3S 
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1. Apparatus far maJcing holograms comprising: 

means for faming vith coherent: lighr an object: beam 
carrespondiiig t:o a bundle of image rays reflectied from an 
object: wbicii pass tiarougn a predetermined point positioned 
away f^rom tbe sxir^ace of said object, said object beam 
converging ta a relativcily small real focus; 

a recording medium positioned at a location suca 
that: said real focus is proximate to the surface o£ said 
recording medium; and 

means for farming a reference beam with coherent: 
light and directing said reference beam onto said recording 
medium proximate to said object beam to record a hologram 
pixeJ. on said recording medium* 

2^ The apparatus o£ Claim 1 wherein said means f or^ 
faming* an objecc beam includes: 

a spatial light: modulator means for receivings an 
electronic* input: and producing a visual image; amd 

means for* projecting said image o£ said modulator* tro 
form said object: beam of said relatively small focus. 

3* The apparatus of Claim 2 wherein said image or 
said, sparrlal ligh*t modulator- is broughtr to vertical focus 
substantially upon said recording medium. 

4. The apparatus of Claim 1 wherein said mea ns for 
forming an object beam includes: 

a lineal spat:iaJL light modulator- means extending- 
latarally for- generating a horizontally extending* image; and 

means foxr projecting said image of saiid modulator 'to 
form said object beam of said relatively fma 1 1 focus* 

3« The apparatus of Claim 1 further comprising: 
means for detarmining from an object the spatial, 
information to be carried in said object beam such that said 
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object: beam corresponds t:o a bxindle of rays passing tiirough 
said real focus arid reflec-cad froa a piurality of -througii 
points on said object- 

6. An appajratus for composing bolograjns of am 
Ob j iact , comprising : 

an isxage recording means for recording a plurality 
of images of an object: on a recording medimn, said ' recording 
means causing eacb of said images of said object to contain a 
view of said object whicb is different from tbe view in eacb 
otber" image; 

transferring means for transferring a horizontal 
line from said image data on said recording medium t:o a single 
pixel on a holograpiiic medium to create a hologram of said 
horizontal image line; and 

composing means for* composing a composi.te hologram 
on said, holographic recording, medium, said composite hologram 
havdLsg* a plurality of pixels amd. being co m p ri sed o£ elementaJ^ 
hologram pixels y each of said pixels being a hologram of a 
planar* ray bundle from said image ^ each pixel being from a 
d±£ferenir horizontal line of image data. 

7. The apparatus according to claim S wherein said 
transferring means includes a spatial modulator means for 
forming* said ray bundle. 

S. The apparatus according to claim 1, further 
including a lens systm between said spatial modulator* means 
angj said recording medium to cause said ray bundle to converge 
to a small region on the surface of said recording medium to 
recozrd said image data^ as an elem/^ntal hologram pdLxel on said 
recording* medium.' 

' *7 

9 • " The ^^apparamis according to claim 3 , further 
including sieans for ' moving said recording medium vertically 
and horizontally to record pixels sequentially at different 
locations on the holographic recording medium, said pixels in 
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a single veirtiical line being recorded fron a plurality of 
horizontal scan lines from the same image in a single 
recording medium and adjacenr vertical lines in said 
holographic recording medium being recorded from different: 
views of the same object* 

10. The apparaxros according to claim 6 wherein said 
image recording meains includes a video camera coupled to a 
motive means which causes said video camera to move while 
recarding images of said object. 

IX. A composite hologram^ comprising: 
a recording medium bearing an array of sequentially 
recorded piscels, each of said pixels corresponding to a planar 
bundle q£ rays which together reconstruct: a three dimensional, 
holographic image when illuminated. 

12. » A coaposita hologram, comprising: 

a recording medium bearing an array of sequentially 
recorded, pixels , each pixel in said array correspondinq to a 
planar bundle of rays corresponding to image points coincident: 
with said pixels, said recording medium further including 
another- array of sequentially recorded pdLxels, bearing image 
rays corresponding to image points locared away from the 
surface of said recording medium. 

13. A method of recording holograms, comprising; 
sparially modulating a light beam to form an object 

beam corresponding to a planar* bundle of rays from an object:; 

configuring said object beam to converge to a trctalT 
region on a recording medium; 

intersecting said objecr beam with a reference beam 
on said small region of said recording medium^ thereby forming 
a. pixel in the form of an interference pattern; and 

repeating the previous steps for a plurality of 
planar ray bundles and corresponding regions upon said 
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recording medium to cons'crucl: a composite hologram of said 
object. 

14 • A metJtiqd for . recording on a cylindrical surface 
a composite hologram of said object according to the method of 
Claim 13 wherein: 

said reference beam converges toward the axis, of 
. said cylindrical surface; and - 

said ray bundle is configured such that the object- 
to-reference angle for each ray, and the angle of the surface 
normaJ. to the ray, is the same on said cylindrical stirface as 
it would be if said composite hologram were recorded on a 
planar surface- 

15. A method of recording a full«*color composite 
hologram according to the method of Claim 13 wherein: 

said pixels represent a plurality of color 
components of an image and are vertically diffuse with respect: 
to said image ^ and wherein said pixels each include a color 
filter means, through which light to reconstruct, or light 
diffracted by^r each of said pixels passes such that only light 
corresponding to the color component represented by each said 
pixel contributes to the image reconstructed by said hologram 
when said hologram is illuzoinated by polychromatic light. 

16* A method of recording holograms , comprising: 
forming a planar ray bxindle object beam wh i c h 

converges to a small region on a recording medium; 

intersecting said abject beam with a reference beam 

on said small - region of said recording medium, thereby forming 

and recording ai^ interference patrzem on said recording 

msidium; and 

repeat;uig the previous steps for a plxirality of said 
regions upon isaid recording medium to construct a composite 
hologram of a tvo<-dimensional image. 

17. A method of recording a hologram, comprising: 
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deteraiining a ray bundle corresponding to stiraigiix: 
lines connecting a plurality of paints reflected on an objecr 
to a point in a plane; 

farming am object bean corresponding to said ray 

bundle; 

converging said abject beam to a «smmi i region on a 
recording medium; 

intersecting said object beam with a reference beam 
on said 5ym aI 7 . region of said recording medium, thereby forming 
an interference pattern to recoird a hologram on said region; 
and. 

repeating the previous steps for a plurality of 
regions on said recording medium to construct a composite 
hologram of an object. 

1S« The method of Claim 17 wherein said object beam 
is modulated by means of a spatial light modulator"* 

19- The method according to claim 17, further' 
comprising*: 

illiaminating said composite hologram with coherent 
light to form a second object beam; and 

recording a second hologram by illuminating a 
recording medixim with a second reference beam and said second 
object beam. 

20. A method for maJcing a composite hologram, 
comprising: 

recording with a video camera a series of video 
images of an object from different perspectives along a line 
as said video camera moves along said line; 

processing the information in said images to 
determine a series of planar ray bundles, each of said ray 
bundles corresponding to image rays converging from a 
plurality of paints in said abject to a point on said line; 
and 
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recording said ray bxindles as elemental hologram 
pixels on a recording mediim, tiie relative position of each 
pixel on said recording medium coirresponding to the position 
o£ the corresponding said point on said line for said ray 
bundle. 

21. The method according to claim 20 wherein a 
single raster scan line .of one frame is recorded as a single 
pixel on said recording meditna and a vertically adjacent 
raster scan line is recorded in a correspondingly vertically 
adjacent position on said recording medium^ said entire frame 
being recorded as a single vertical line of pixels. 
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